Abstract: Rapid phthaloylation and succinylation of wheat straw hemicelluloses with phthaloyl dichloride (PdC) and succinyl chloride (SC) in N,Ndimethylformamide/lithium chloride (DMF/LiCl) system using N-bromosuccinimide (NBS) as a catalyst was achieved for only 5 minutes at 50 °C by microwave irradiation. The degree of substitution (DS) ranged between 0.43 and 1.47. The effect of the molar ratios of xylose units in hemicelluloses to phthaloyl dichloride or succinyl chloride on the degree of substitution was investigated. It was found that the reactivity of succinyl chloride was higher as compared to Phthaloyl dichloride under similar experimental conditions. 13 C NMR studies revealed that the esterification occurred at the C-3 and C-2 positions in the -D-xylose units of hemicelluloses, but preferentially at C-3 position. However, it should be noted that microwave irradiation did result in more degradation of the macromolecular hemicelluloses than conventional heating technique as shown by a lower thermal stability of the hemicellulosic derivatives obtained by microwave irradiation than those obtained by conventional heating technique.
Introduction
Agricultural by-products present a large source of natural polymers and there is great potential for the use of non-food crops and crops waste as a renewable resource. Wheat straw can be used as source of chemicals with the three main cell wall components -cellulose (~40%), hemicelluloses (~38%), and lignin (~15%) -being the main potentially exploitable polymers [1] . Hemicelluloses are polysaccharides of branched structures formed by a number of different neutral sugar units such as xylose, arabinose, glucose, galactose, and mannose and, in a small extent, also by D-glucuronic acid units and their 4-O-methyl derivatives [2] . Due to the above heterogeneity of their chemical constituents, the hemicelluloses in their nature state are generally considered to be non-crystalline. In comparison, xylans represent the most abundant hemicellulose-type polysaccharides which consist of a backbone of -(1 4)-D-xylopyranose residues. The backbone can be substituted in C-2 and/or C-3 by short and flexible side chains [3] . In straw and grass, these side chains are mainly constituted of units of -L-arabinofuranose and -D-glucuronic acid, or 4-O-methyl--D-glucuronic acid and occasional units of -D-xylopyranose or -D-galactopyranose. In addition, these side chains also contain small amounts of acetyl groups and ferulic acids [4, 5] .
Recently much attention has been paid to hemicelluloses for their advantageous properties such as biocompatibility and biodegradability. However, the utilization of hemicelluloses has been limited because they are difficult to dissolve in general organic solvents. Similar to chitosan and starch, phthaloylation of hemicelluloses with phthaloyl dichloride is an efficient way to improve their organic solubility [6, 7] . More importantly, the phthaloylation of hemicelluloses is a key precursor to prepare derivatives by regioselective and quantitative chemical modification [6, 8] . On the other hand, succinylation of hemicelluloses like starch modifies their physicochemical properties, which widens their range of applications in food and non-food industries such as pharmaceuticals, paper and textiles. It is well known that modification of native starch to its succinate derivatives reduces its gelatinisation temperature and the retrogradation, and improves the free-thaw stability [9] . However, the reaction of phthaloylation or succinylation of hemicelluloses was a heterogenous reaction due to the starting material of solid-state hemicelluloses in organic solvents. These reactions typically require hours for completion and yielded low DS products by conventional heating in the previous studies [10, 11] . In addition, the esterification of the polymers is generally carried out in the presence of bases such as pyridine along with 4-dimethylaminopyridine (DMAP) as co-catalyst [12] . However, pyridine is toxic and DMAP is rather expensive which limited their industrial application. Recently, it has been demonstrated that N-bromosuccinimide is a novel and highly effective catalyst for acetylation of alcohols under mild reaction conditions [13] . In particular, Nbromosuccinimide is an inexpensive and commercially available reagent. We, therefore, investigated the possibility of developing new catalytic system for phthaloylation or succinoylation of wheat straw hemicelluloses using phthaloyl dichloride or succinyl chloride in the presence of NBS under microwave irradiation.
Recently, there has been increased interest in microwave heating as a method to facilitate difficult reactions. As an alternative to conventional heating technique, microwave heating has been proved to be more rapid and efficient. That is, reaction time can be reduced when microwave heating is applied. Such reactions seem to be beneficial when not too high degree of transformation is required [12] . In particular, the microwave heating is more effective than the conventional heating because it has specific property that is the equilibrium heating inside the matter. It is very likely that the microwave energy is lost to the sample by two mechanisms, ionic conduction and dipole rotation, which take place simultaneously in the cases of microwave heating [13] . On the other hand, in conventional heating, heat can be transferred to the material by radiation, conduction, and convention. For example, in the case of natural polysaccharide modifying as novel materials for industries, the conventional heating gives a slow process involving a number of stages in the transfer of the energy before the material to be heated reaches a uniform state of molecular activity and temperature. Therefore, considerable efforts have been devoted to investigate the microwave-assisted reaction in the synthesis and modification of polymer materials, especially in the modification of natural polymers [6] . In the present work, phthaloylation and succinylation of wheat straw hemicelluloses was achieved successfully by microwave irradiation. Five minutes of microwave heating were sufficient to realize products with DS up to 1.47 as NBS was used as a catalyst.
Fourier transform infrared (FT-IR) and nuclear magnetic resonance (NMR) were used to characterize the structural changes of the hemicelluloses.
Results and discussion
Generally the reaction is accelerated under microwave conditions mainly due to the speed with which a mixture can be heated and high temperatures easily obtained. It was found that DMF is a good solvent for reactions in microwave since it absorbs microwave radiation very well and heats up rapidly [11] . In this study, the esterification of hemicelluloses with PdC or SC in DMF/LiCl system was studied for mole fractions of xylose units in hemicelluloses/PdC or SC from 1:1 to 1:1.5, 1:2, 1:2.5, 1:3, 1:3.5, and to 1:4 in the feed. The reaction time was restricted to 5 min in order to obtain polymer derivatives having no significant degradations as far as possible. The chemical structure of the polymer derivatives is shown in Fig. 1 . It was observed that molecular weight of the hemicellulosic polymer obtained by microwave irradiation at ≥95 °C for more than 10 min showed a further decrease than that by conventional heating technique (95 °C, 1 h). This indicated that microwave accelerated splits of hemicellulosic main chains at the same temperature of the activation of phthaloylation or succinylation reaction. Interestingly, there was no obvious depolymerization of the polymer below 80 °C and duration of the process was 5 min. We also observed that reaction time and temperature below 80 °C had no significant effect on the DS, whereas the PdC and SC amounts were important (data not shown). Therefore, a 5 min reaction time and temperature of 50 °C were optimized as the reaction duration and temperature in this study. Tab. 1 gives the yield and DS of the phthaloylated and succinylated hemicellulosic derivatives. As can be seen, the yield and DS of the products depended on the molar ratio of the reactant agents. When hemicelluloses were reacted with 1 equiv. of PdC without NBS, a DS value of 0.21 was obtained (data not shown). As the 3% NBS (% dried hemicelluloses) was used as a catalyst and the mole of PdC increased from 1 to 1.5, 2, 2.5, 3, 3.5, and to 4, the DS value raised from 0.43 to 0.56, 0.76, 0.91, 1.00, 1.05, and to 1.10, respectively. This could be interpreted in terms of greater availability of phthaloyl dichloride molecules in the proximity of the hemicellulosic molecules at higher concentration of the esterifying agent [14] . These results also indicated that NBS is a highly effective catalyst for phthaloylation of hemicelluloses with phthaloyl dichloride under mild reaction conditions. Similar increasing yield and DS was observed as the SC was used as a reaction agent. Obviously, increasing the mole of SC from 1 to 1.5, 2, 2.5, 3, 3.5, and to 4 (with 3% NBS at 50°C for 5 min) resulted in a significant increment of succinylation reaction efficiency as shown by both a yield increase from 71.2 to 80.6, 84.1, 86.8, 87.9, 88.6 and to 89.8%, and a DS increase from 0.51 to 1.00, 1.18, 1.31, 1.37, 1.41 and to 1.47, respectively. It should be noted that the DS did not increase above 1.5 even with large excess PdC or SC amount. At higher level of PdC or SC, due to higher acidity probably the formation and hydrolysis of ester both become rapid and as a result the net ester formation remained below 1.5. The same reactions when carried in the presence of 4 equiv. of PdC or SC per xylose units and 3% 4-dimethylamino pyridine (DMAP) as a catalyst gave DS of 1.33 for phthaloylation and 1.49 for succinylation. In comparison, although DMAP is a more effective catalyst in such esterification, it is very expensive, which limits its industrial use. On the other hand, NBS is a rather cheap and commercially available reagent. Thus, 3% NBS was used as the optimum catalyst in this study. These studies show that the esterification of hemicelluloses with PdC or SC at a molar ratio 1:4 in the presence of 3% NBS or DMAP gave the highest degree of substitution under the microwave irradiation for 5 min at 50 °C.
The FT-IR spectra of the native wheat straw hemicelluloses and phthaloylated hemicellulosic sample 3 in Figure 2 confirmed the occurrence of the esterification. In the spectrum of un-modified hemicelluloses, a strong sharp band between 990-1200 cm -1 with four peaks at 990, 1048, 1095, and 1172 cm -1 is the most characteristic band for a polysaccharide. It is originated from the C-O stretching vibrations. Another characteristic band was observed between 3000 and 3500 cm -1 , which is assigned to the hydroxyl group stretching vibrations. In comparison with the spectrum of the original hemicelluloses, the characteristic absorptions at 1740 cm -1 due to the carbonyl ester groups and 1250 cm -1 due to C-O stretching of the ester groups were observed in the spectrum of phthaloylated hemicellulosic sample 3 [15] . It was also observed that the peaks of C=C stretching in the aromatic ring of the modified polymers occur at 1605 and 1508 cm -1 (data not shown). Peaks at 2920 and 2830 cm -1 arise from the C-H stretching of methyl and methylene groups, whereas the absorption at 3010 cm -1 in the phthaloylated hemicelluloses (data not shown) is attributed to the C-H stretching of aromatic ring [16] . Fig. 2 . FT-IR spectra of un-modified wheat straw hemicelluloses (spectrum 1) and phthaloylated hemicellulosic sample 3 (spectrum 2).
Similarly, the spectra of succinylated hemicelluloses (Figure 3) clearly show the efficiency of acylation. For hemicellulosic esters, we notice a decrease in the intensity of the characteristic band of hydroxyl group with an increase in the degree of substitution due to the disappearance of hydroxyls in the polymers. This decrease in W av e num be rs (c m- 1 ) employed to evaluate the type of side-chain branching along the backbone. In this study, the structure of the native hemicelluloses and succinylated hemicellulosic sample 10 was therefore investigated by 13 C-NMR spectroscopy by recording in D 2 O and DMSO-d 6 , respectively, and their spectra are illustrated in Figure 6 . In comparison with the spectrum obtained from the native hemicelluloses, the occurrence of two strong signals at 21.2 and 34.1 ppm is indicative of presence of methylene carbon atoms and the two signals at 169.3 and 172.5 ppm (data not shown) are characterized by the carbonyl group in esterified hemicelluloses. The presence of five peaks at 101.8, 75.5, 74.1, 72.8, and 63.3 ppm is attributed to the carbon atoms C-1, C-4, C-3, C-2, and C-5 in the -D-xylose units of hemicelluloses, respectively. Interestingly, the intensity of signals at C-3 and C-2 carbons of anhydroxylose unit decreased from native hemicelluloses to succinylated polymer sample 10, indicating that a partial substitution occurred at both C-3 and C-2 secondary hydroxyl groups. However, it should be noted that a more reduced intensity at C-3 hydroxyl group than that at C-2 hydroxyl group revealed that during the succinoylation, the hydroxyl group at C-3 reacted preferably. That is, the secondary hydroxyl groups at C-3 are more reactive than the hydroxyl groups at C-2 position. Thermogravimetric (TG) and differential thermogravimetric (DTG) analyses experiments were performed to determine the degradation temperature of each hemicellulosic ester compared with the un-modified polymer behavior. Figure 7 shows the thermogram of modified wheat straw hemicellulosic samples 3 (spectrum 1) and 10 (spectrum 2). As shown in the Figure 7 , TG curves showed that approximately 10% weight loss up to 155 °C for both phthaloylated hemicellulosic sample 3 and succinylated polymer preparation 10. At 40% weight loss the decomposition temperatures of the hemicellulosic ester samples 3 and 10 were observed at 205 and 235 °C, whereas the native hemicelluloses had the same weight loss at a temperature of 280 °C (the curve not shown), indicating that the decomposition rate of the esterified hemicellulosic samples was faster than that of the un-modified hemicelluloses at the temperature ranges. In addition, in the curves of phthaloylated and succinylated hemicellulosic samples, the main peak shifted toward lower temperature between 150 and 250 °C as compared to the native hemicelluloses at the temperature of 290 °C, indicating a decrease of the thermal stability of the modified polymers. Furthermore, similar decreasing trend was also observed in the DTG curves, in which the exothermic peaks of the phthaloylated and succinylated hemicellulosic samples 3 and 10 appeared around 160 and 230 °C, respectively, while the native hemicelluloses gave the main exothermic peak at 290 °C. This lower thermal stability of the esterified polymers was probably due to the disintegration of intramolecular interactions such as hydrogen bonds between polymer chains and hydrolysis of some glycosidic linkages during the microwave irradiation process. This behavior was also described in the literature for modified cellulose esters [19] . Fig. 7 . Thermogram of modified wheat straw hemicellulosic samples 3 (spectrum 1) and 10 (spectrum 2).
The above results indicated that microwave irradiation was a high efficiency way for phthaloylation and succinoylation of wheat straw hemicelluloses. It improved the speed of esterification reaction remarkably and made reaction processing more smoothly. Microwave irradiation did provide advantage over conventional heating for the hemicellulose esterification reactions. Although no obvious changes in the chemical structure of the modified hemicelluloses were observed, microwave irradiation did result in some degradation of hemicellulosic polymers in the esterification reactions on comparing with the conventional heating technique.
Experimental

Materials
Wheat straw was obtained from the farm fields at the North-Western University of Agricultural and Forestry Sciences and Technology, Yangling, China. The hemicelluloses were isolated after removal of lignin by the method described previously [20] . The sugar analysis of the hemicelluloses isolated showed that xylose was present as the predominant sugar component, comprising 81.3% of the total sugars. Arabinose (9.6%) was the second major sugar constituent. Glucose (4.8%) and the uronic acids, mainly 4-O-methyl--D-glucuronic acid (3.1%) were present in noticeable amounts. Galactose (0.8%) and rhamnose (0.5%) were observed as minor constituents. Phthaloyl dichloride, succinyl chloride, N-bromosuccinimide, 4-dimethylamino pyridine, N,N-dimethylformamide, and lithium chloride were purchased from Aldrich Chemical Company (Beijing, China) .
Phthaloylation and succinylation of wheat straw hemicelluloses
Hemicelluloses powder (0.66 g, approximately 10 mmol of hydroxyl functionality in hemicelluloses) in 10 mL of distilled water was heated to 78 °C under stirring until completely dissolved. A 20 mL volume of DMF was added and the reaction mixture was stirred for another 5 min. The water was removed from the swollen gel by repeated distillation under reduced pressure at 55 °C. To this mixture, 0.10 g LiCl, 15 mL DMF, 0.02g NBS or DMAP, and corresponding amounts of PdC or SC (Table 1) were added. The microwave program (Whirlpool, VIP 200, 200 W) was run immediately with simultaneous magnetic stirring of the reaction mixture. It took about 1 min to reach 50 °C and it was held at that temperature for 4 min. When the mixture had cooled to 30 °C reaction mixture was blended in ca. 100 mL of ethanol for about 5 min, and the resulting fine white powder was collected by vacuum filtration. The powder was subsequently washed with ethanol and acetone to eliminate any colour impurities and by-products as well as the unreacted PdC or SC. After the product was dried overnight in air, it was further dried in a forced air oven overnight at 50 °C.
Determination of yield and degree of substitution
The DS for a hemicellulose ester represents the moles of esterified hydroxyl groups per D-xylopyranosyl structural unit of the hemicellulosic polymer, with two hydroxyl groups per unit. The theoretical maximum of xylans is 2.0. The degree of substitution of hydroxyl groups of the products obtained was therefore determined on the basis of the yield. The un-reacted PdC or SC in the mixture of reactions was separated from the product by dissolution in ethanol and acetone. In this study, the yield of percentages was calculated based on assumption that all of the hemicelluloses were converted to di-esterified hemicelluloses (yield, 100%; DS, 2.0). If no reaction occurred and all of the hemicelluloses were recovered unreacted, the yield percentage would be 50.3% for phthaloylation with phthaloyl dichloride and 61.3% for succinylation with succinyl chloride with a DS value of 0.0, respectively [20] . To reduce errors and confirm the results, each experiment was repeated in duplicate under the same conditions. The standard errors or deviations of the yield and DS were observed to be lower than 5.6% and 5.5%, respectively.
Characterization of the hemicellulosic derivatives
The chemical structure of the hemicellulosic derivatives was evaluated by FT-IR and 13 C-NMR spectroscopy. A Nicolet 750 spectrophotometer was used to record FT-IR spectra using KBr disc containing 1% finely ground samples in the range 4000-400 cm -1 . The solution-state 13 C-NMR spectra were obtained on a Bruker MSL300 spectrometer operating in the FT mode at 74.5 MHz. The un-modified hemicellulosic sample (80 mg) was dissolved in 1 mL D2O, and the hemicellulosic derivative sample (80 mg) was dissolved 1 mL DMSO-d6. The 13 C-NMR spectra were recorded at 25 °C after 30 000 scans. A 60° pulse flipping angle, a 3.9 µs pulse width, a 0.85 s acquisition time, and 1.2 s relaxation delay time were used. Thermal analysis of the hemicellulosic derivatives was performed using thermogravimetric and differential thermogravimetric analysis on a simultaneous thermal analyzer (SDT Q600, TA Instrument). The apparatus was continually flushed with nitrogen. The sample used was 10 to 13 mg and heated from room temperature to 600 °C at a rate of 10 °C per minute.
